Abstract In this study liquid phase equilibrium compositions were measured at 298.15 K under atmospheric pressure for (water ? propan-1-ol ? diethyl carbonate (DEC) ? benzene or cyclohexane or heptane) quaternary systems and (water ? DEC ? propan-1-ol or benzene or cyclohexane) ternary systems. Good correlation of the experimental LLE data was seen for the measured systems by both modified and extended UNIQUAC models. The solubility of DEC in aqueous and organic phases is shown by equilibrium distribution coefficients calculated from the LLE data.
Introduction
Some primary alcohols, ethers and alkyl carbonates are used for gasoline additives as octane boosters [1] . Diethyl carbonate (DEC) is one of the important benign chemicals. It is considered as being environment friendly. Compared with the tradition gasoline additive methyl tert-butyl ether (MTBE), DEC has a higher oxygen content, and it is both low in toxicity and biodegrades quickly. Adding DEC to gasoline can not only enhance the octane rating, but it also reduces the content of alkenes and aromatic hydrocarbons which can give rise to environmental pollution. In recent years these is considerable interest in using dimethyl carbonate or DEC to replace MTBE for meeting the oxygenate specifications on gasoline. The components of the gasoline are mainly C 4 -C 12 alkanes, cyclanes, olefins and aromatic hydrocarbon. Considering the pollution from gasoline in the aqueous environment, such as the migration of gasoline additives from engines, the leakage of oil tanks in gasoline stations and in the process of transportation and storage, we considered the effect of adding water in these systems to simulate the real environment. Liquid-liquid equilibrium (LLE) data are necessary and important basic data, which play an important role in understanding phase behavior for the multicomponent systems. To provide accurate solubility data and check thermodynamic models, people have studied LLE and physical properties of mixtures containing alkyl carbonates [2] [3] [4] [5] [6] .
Here, we report LLE for three ternary systems (water ? DEC ? propan-1-ol or benzene or cyclohexane) and three quaternary systems (water ? propan-1-ol ? DEC ? benzene or cyclohexane or heptane) at T = 298.15 K and ambient pressure. The measured LLE results were correlated by using the modified and extended UNIQUAC models [7, 8] having binary, ternary, and quaternary parameters. The binary energy parameters for completely miscible binary mixtures were obtained from experimental vapor-liquid equilibria (VLE) data [9] [10] [11] [12] [13] [14] . The binary energy parameters for partially miscible binary mixtures were obtained from mutual solubility data [15] [16] [17] . The ternary and quaternary parameters were obtained from the experimental LLE data. The binary, ternary and quaternary parameters are required to represent accurately the quaternary LLE data.
Experimental

Materials
The chemicals used in these experiments were DEC, benzene, propan-1-ol, cyclohexane, water and heptane. The mass fraction purity reported by the manufacturers was better than 0.990. Bi-distilled water was used in this work. The specifications of the chemicals used in this work are given in Table 1 .
Procedures
Measurements were carried out on a binary test system (DMC ? water) [6] at 298.15 K to validate the experimental technique by determining the mole fraction of DMC in water solution and comparing it with literature value. The estimated error in mole fraction is less than ±5 9 10 -4 . LLE experiments were carried out in a glass cell. The experimental apparatus is schematically shown in Fig. 1 . The equilibrium cell was a 120 cm 3 glass cell. The temperature of the cell liquids was measured by a thermocouple. For maintaining temperature, about 70 cm 3 of each mixture was loaded into the equilibrium glass cell placed in a thermostatted water bath. The temperature of the water bath was controlled at T = 298.15 K, and the temperature uncertainty was ± 0.05 K. Contents were stirred well by a magnetic stirrer for about 3 h and were then allowed to settle for more than 8 h at constant temperature, which was long enough to reach thermodynamic equilibrium. For analysis, the samples of upper and lower phases were withdrawn with the help of syringes. Compositional analysis of samples was carried out in a gas chromatograph (Shimadzu Analyses Apparatus Co., Shuzhou, China, GC-14C) with a thermal conductivity detector. The analysis was performed with a Porapak QS packed column (3 mm 9 2.5 m). The detector and injector temperatures were kept at 510.15 and 490.15 K, respectively. Hydrogen was used as carrier gas at a rate of 60 mLÁmin -1 throughout the column, and the column inlet pressure was 0.1 MPa. A chromatopac (N2000) was used to detect the peak areas of the components. Each sample was analyzed at least three times and average values obtained. The accuracy in these experimental measurements was found to be (±6 9 10 -4 ) for the mole fraction.
Calculation Procedure and Results Discussion
The experimental LLE results for the three ternary systems (water ? propan-1-ol ? DEC), (water ? DEC ? benzene) and (water ? DEC ? cyclohexane) measured at T = 298.15 K are reported in Tables 2, 3 and 4. Tables 5, 6 and 7 list the experimental LLE results for the three quaternary systems (water ? propan-1-ol ? DEC ? benzene), (water ? propan-1-ol ? DEC ? cyclohexane) and (water ? propan-1-ol ? DEC ? heptane) at T = 298.15 K. Figure 2 shows a tetrahedron to depict three planes of the quaternary LLE for the The modified UNIQUAC and extended UNIQUAC models were employed to correlate the experimental LLE data. For most multicomponent systems, especially for type 1 systems having a plait point, the original UNIQUAC model with only two binary parameters did not always give accurate results. So, in order to accurately correlate ternary and quaternary LLE, it is necessary to use ternary and quaternary parameters in addition to the binary ones. The ternary and quaternary parameters were determined from the experimental LLE data using a simplex method [18] by minimizing the function F:
where x denotes the mole fraction in the liquid phase, i = 1 to 3 for a ternary system or i = 1 to 4 for a quaternary system, and j = 1, 2 (phases), k = 1, 2, …, n, where n stands for the number of tie lines as shown in Tables 10 and 11 . Here exp denotes experimental values, and cal denotes calculated values of the models. Table 8 shows the molecular structural volume and area parameters, where r and q are taken from the literature [5, 19] . The interaction correction factors q 0 , for nonassociating components such as DEC, benzene, cyclohexane and heptanes, were set to q 0 = q 0.75 in the modified UNIQUAC model and q 0 = q 0.20 in the extended UNIQUAC model, while those for associating components such as water and propan-1-ol were taken from the literature [7, 8] . Table 9 lists the binary parameters a ij of the modified UNIQUAC and extended UNI-QUAC models for the constituent binary mixtures, along with the standard deviations between experimental and calculated values: d(p) for pressure, d(T) for temperature, d(x) for liquid phase mole fraction, and d(y) for vapor phase mole fraction. Good agreement was obtained between experimental results and those calculated by both models. Table 10 presents the ternary mixture parameters, s 231 , s 132 and s 123 , together with the root-mean-square deviation (rmsd) values between the experimental and calculated tie lines for the ternary LLE. The comparison is shown on the phase diagram in Fig. 3 by means of the experimental and calculated tie lines for the three ternary systems (water ? propan-1-ol ? DEC), (water ? propan-1-ol ? benzene) and (water ? propan-1-ol ? cyclohexane). This figure indirectly illustrates the accuracy of the experimental LLE data. As shown in this figure, excellent correlation is seen by the extended and modified UNIQUAC models. For the three ternary systems investigated in this work, the average rmsd values of correlated results are 0.88 and 1.03 % for the modified and Table 9 Calculated results from binary phase equilibrium data reduction extended UNIQUAC models, respectively. Good agreement between the experimental and correlated tie line data of the two models is indicated by the low rmsd values. Table 11 summarizes the quaternary parameters, s 2341 , s 1342 , s 1243 and s 1234 , together with the correlated results obtained by fitting the modified and extended UNIQUAC models with binary, ternary, and quaternary parameters to the experimental quaternary LLE data, together with the predicted results by the models with only the binary and ternary parameters listed in Tables 9 and 10 . For the three investigated quaternary systems, the average rmsd values of correlated results are 2.68 and 2.96 % for the extended and modified UNIQUAC models, respectively. It can be seen that the correlated results obtained from both models are better than the predicted ones in representing the quaternary LLE measured in this work. This is due to adding the quaternary parameters in the correlation.
The equilibrium distribution coefficient of DEC, calculated from the experimental LLE data, is defined as: the ratio of the concentration of DEC in the aqueous phase to the concentration in the organic phase:
where D is equilibrium distribution coefficient of DEC and x 3 is the mole fraction of DEC. Figures 4, 5 and 6 show the equilibrium distribution coefficient of DEC for the quaternary systems (water ? propan-1-ol ? DEC ? benzene), (water ? propan-1-ol ? DEC ? cyclohexane) and (water ? propan-1-ol ? DEC ? heptane), at four different distribution e Predicted results using binary parameters taken from the Table 9 f Correlated results using binary and ternary parameters Table 9 ; dotted lines, correlated results by the modified UNIQUAC model using binary and ternary parameters taken from Tables 9  and 10 ratio of x 3 = 0.2, 0.4, 0.6, and 0.8. For the three measured quaternary systems, the equilibrium distribution coefficients of DEC show low values as shown in Figs. 4, 5 and 6. It can be concluded that adding DEC does not result in an evident increase of solubility of DEC in the aqueous phase. Since DEC has two ethyl groups, while alkyl is a hydrophobic group, DEC is more soluble in the organic phase. e Predicted results using binary and ternary parameters taken from the Tables 9 and 10 f Correlated results using binary, ternary and quaternary parameters 
Conclusions
Under atmospheric pressure, the experimental LLE data for the ternary systems (water ? propan-1-ol ? DEC), (water ? propan-1-ol ? benzene) and (water ? propan-1-ol ? cyclohexane), and quaternary systems of (water ? propan-1-ol ? DEC ? benzene), (water ? propan-1-ol ? DEC ? cyclohexane) and (water ? propan-1-ol ? DEC ? heptane) were obtained at T = 298.15 K. The experimental LLE results were successfully correlated using the extended and modified UNIQUAC models. The correlated results obtained by using the quaternary parameters as well as the binary and ternary parameters, with a rmsd value of less than 3 mol-%, showed good agreement with the experimental LLE results.
